The progress in electronic devices, including the wireless sensors, leads to the great demand on powering these devices which utilize wireless sensor systems. Recent researches focused on nonlinear energy harvesters to overcome the limitations of linearity. Magnets are a common method that used to achieve nonlinearity to the system. In this paper the effect of nonlinear magnetic force on the response of the energy harvester proposed. A model of a cantilever beam with tip magnet opposing a fixed magnet is introduced. The mathematical model predicted the response of the cantilever beam with and without the magnet effect. By changing the gap distance between the magnets, the response of the harvester investigated. Experimental work carried out to validate the results of the mathematical approach. The mathematical model shows a good agreement with experimental model results for different gap values. The results prove that repelling magnetic force leads resonance frequency to a larger value. Tip displacement of cantilever beam changed according to gap distance (d). Without magnet, the cantilever moves freely without magnetic force constraint so maximum displacement reaches about 17 mm. In another hand, maximum tip displacement decreases by decreasing the gap distance as the magnetic force restricts free motion of the beam.
INTRODUCTION
In the recent years, there is a great demand for new energy sources. Various renewable energy sources such as thermal energy, photonic energy, and mechanical energy can be used [1] [2] [3] . For many years, batteries were the only method for powering wireless electronic devices and its sensors. Batteries have limitations which make them unsuitable to use in many devices which are used in critical applications. Energy harvesting is an effective alternative to the usage of batteries. Energy harvesters can overcome the problems of maintenance, chemical waste, and replacement for powering wireless electronic systems [4] . While solar energy and thermal energy have limitations in the application, mechanical energy is a reliable source of energy. Mechanical energy comes across different sources such as human movement, air or water flow induced vibration and vibrating structure [5] [6] [7] .
Vibration energy harvesting is one of the promising fields. It depends on using wasted vibrations to power wireless sensors. To extract energy from vibration sources we need a transduction mechanism or conversion mechanism. Transduction mechanisms vary between electromagnetic [8] [9] [10] [11] , electrostatic [12, 13] , and piezoelectric [14] [15] [16] Piezoelectric energy harvester is widely used as a transducer due to ease of application, higher energy density and conversion energy from mechanical to electrical directly [17] .
Williams and Yates, 1996 presented the first vibration energy harvester which consists of a mass connected to the housing by a spring and damper [18] . This type of harvesters called linear vibration harvesters (LVEH). It exploits tuning the natural frequency of the host structure to maximize the harvested energy. Ambient vibrations usually are chaotic and nonstationary. When the system vibrates with a frequency out of resonance, the energy harvested dropped swiftly. This makes the linear vibratory energy harvester limited in application [4] . The researchers make every effort to enhance the efficiency of vibration energy harvesters and overcome linear systems limitations. The enhancement techniques confined to power amplification, resonance tuning approach and the nonlinear oscillations and their methods. Nonlinear oscillators have received a great attention in the recent researches because they have the benefit of broadening the frequency range and increasing the harvested power [19] . Magnetic nonlinearity is one of the effective techniques to increase the operating frequency range. The nonlinear magnetic force causes hardening or softening behavior according to the application. This behavior effects on the stiffness of the structure [20] . Tang et al.,2012 studied the nonlinearity of the harvester in monostable and bistable behaviors. They investigated that both monostable and bistable harvesters can exceed the linear harvesters under low excitations [21] . The frequency bandwidth has broadened and the resonance frequency shifts to a lower value by decreasing the distance between two attractive magnets [22] . Stanton et.al,2009 presented an experimental and numerical approach to verify that nonlinearity (both hardening and softening) is more convenient to apply to ambient vibration with a steady frequency sweep. Both hardening and softening behavior shows a remarkable increasement of the frequency range [23] . In 2010, Stanton et al, investigated the displacement response of a piezoelectric cantilever with a tip magnet opposing another one with the same polarity. The displacement of the cantilever tip has measured at different acceleration values with a frequency sweep. By increasing the base acceleration, the frequency peak shifts towards higher value [24] . It was observed that the output voltage has increased by 50% when the piezoelectric cantilever coupled with a magnet related to the uncoupled beam. Also, the amplitude of cantilever tip displacement has increased due to the effect of repelling magnetic force [25] . Monostable harvester preferred to use at low to moderate excitations, but bistability is more adequate to use with relatively high excitations [26] . This paper presents the effect of magnetic force indicating nonlinearity. The effect of gap distance on the tip displacement has studied. The response of the harvester with and without magnets has investigated. The vibration energy harvester has analytically modeled and experimentally validated. This paper divided as follows: In section 2, the mathematical model of the harvester is derived. MATLAB program is used to solve equations. Section 3 presents the experimentation and setup used. Results are discussed in section 4. Finally, the conclusions proposed in section 5. Where z is the relative motion (x-y), c is the Damping coefficient, k, is the cantilever stiffness and M is the effective mass of beam and tip magnet calculated according to Equation (2).
MATHEMATICAL MODELLING
(2)
Figure 1 Schematic drawing of the nonlinear energy harvester
The right-hand side of the equation represents the equivalent force acting on the structure. Where y(t) is the base excitation calculated from the following equation:
As is the amplitude of forced vibration (as A is the acceleration in (m/s 2 )), is the operating frequency which swept as following equation:
Where (f 1 ) is the start frequency and (f 2 ) is the final frequency swept with time range (T). The magnetic force (F m ) is interpolated from experimental results conducted in [27] . The magnetic force measured versus different gap distance values Figure 3 illustrates that the magnetic force increases nonlinearly by decreasing the gap distance between two repelling magnets. Three gaps have chosen (7.5mm, 10mm, and 15.5 mm) to study the effect of magnetic nonlinearity on the energy harvester response. The damping coefficient has determined experimentally for three gaps and without magnetic forces. The results show roughly the same value of damping coefficient at different gap values ad shown in Figure 4 . Dimensions and material properties of the harvester model listed in Table 1 . 
EXPERIMENTAL SETUP
The setup of the experimental work illustrated in Figure 5 (a) . the harvester consists of a rectangle beam. Two Neodymium (grade N42) magnets with dimensions (10mm Dia.*5 mm Thick, first4magnets, UK) attached, one fixed on the tip of the beam using epoxy resin and the other one inserted into L shaped wooden part as shown in Figure 5 (b) . A strain gauge pasted on the beam to measure the tip displacement by epoxy resin. A wooden part used as a ruler to measure gap distance between two magnets.
Beam fixed to shaker (Brüel & Kjaer type 4809) which connected to a power amplifier (Brüel & Kjaer type 2706). The input signal generated using LabVIEW software. The input chirp signal created as a frequency swept from 4 Hz to 20 Hz with a constant acceleration of 0.075 g. A computer connected to the NI9263 module (16-bits resolution, 0.11V accuracy, 100 Ks/s update rate and ±10 voltage range) using a USB cable to the input signal to the amplifier. Strain gauge connected to KYOWA (type PCD-300A) to present strain values. Data from strain gauge collected and converted to displacement according to Equation (5) to validate the tip displacement of the cantilever beam.
(5)
As is the tip displacement, h, is thethickness of the cantilever beam and, , is the distance between strain gauge and the tip [28] .
RESULTS and DISCUSSION
Experimental results are compared with the mathematical one and show good agreement. The effect of distance between magnets is studied. Figure 6 Hz by mathematical calculations. When the gap distance between two magnets increased to 10 mm, resonance frequency reached to ≈13.3 Hz experimentally and 11.9 Hz mathematically. Maximum displacement decreased from ≈8 mm at gap distance 15.5 mm to 6 mm as shown in Figure 6 (e) and (f). The cantilever beam responds to the effect of the magnetic repelling force and the frequency bandwidth increased. For smaller gap distance reached 7.5 mm, the peak tip displacement is almost 4.5 mm at an experimentally measured frequency of about 15 Hz and 13 Hz calculated mathematically. Figure 6 (g) and (h) shows tip displacement at gap distance equal to 7.5 mm. it found that by decreasing the gap distance between magnets, the frequency bandwidth increases as well. Also, the presence of magnetic repelling force moves the resonance to higher values.
CONCLUSIONS
This paper conducted a mathematical and experimental study to investigate the effect of magnetic force on the energy harvesting. A model of a cantilever beam with a tip magnet opposing a fixed magnet is proposed. The effect of the gap distance between the magnets has studied. The mathematical model predicted the response of the cantilever beam with and without the magnet effect. 
